Introduction
Topographic maps are a prevalent, well-studied phenomenon in the organization of the brain. However, they have been mostly described on a neuronal population level. Few studies have investigated the subcellular organization of sensory inputs: In the mammalian visual (Jia et al. 2010) , vibrissal (Varga et al. 2011) , as well as auditory (Chen et al. 2011 ) cortex, inputs tuned to different ranges of a specific stimulus parameter are scattered across the dendrite, lacking any particular spatial organization. In contrast, neurons in the mammalian retina (euler et al. 2002) , the vertebrate tectum (Bollmann and engert 2009) , and the insect visual system (Peron et al. 2009 ) show evidence of a topographic input organization.
Fly vertical system (VS) cells respond to specific patterns of global motion that are elicited during self-motion of the animal ('optic flow') (for review, see Borst et al. 2010 ). In the blowfly, VS cells comprise a set of 10 large, T-shaped interneurons located in the third visual neuropil, the lobula plate. Both their dendritic spanning fields, i.e. the tissue area covered by their dendritic arbors (Hengstenberg et al. 1982; Cuntz et al. 2008) , as well as their receptive fields (Krapp et al. 1998 ) are highly stereotyped across individuals. They respond to visual motion with a graded change in membrane potential, superimposed by irregular spike-like events (Hengstenberg 1977) . Arranged in a row, VS cells are numbered from 1 to 10 from most distal to most proximal (Hengstenberg et al. 1982) . Their rotational receptive fields shift across the mediolateral axis (Krapp et al. 1998; Wertz et al. 2009 ), which led to the hypothesis that they act as a set of matched filters for optic flows elicited by rotation of the animal around particular body axes (Franz and Krapp 2000; Karmeier et al. 2005) . A number of different inputs appear to shape these complex receptive fields: Bushy T-cells Abstract Dendritic integration is a fundamental element of neuronal information processing. So far, few studies have provided a detailed spatial picture of this process, describing the properties of local dendritic activity and its subcellular organization. Here, we used 2-photon calcium imaging in optic flow processing neurons of the fly Calliphora vicina to determine the preferred location and direction of local motion cues for small branchlets throughout the entire dendrite. We found a pronounced retinotopic mapping on both the subcellular and the cell population level. In addition, dendritic branchlets residing in different layers of the neuropil were tuned to distinct directions of motion. Summing the local receptive fields of all dendritic branchlets reproduced the characteristic properties of these neurons' axonal output receptive fields. Our results corroborate the notion that the dendritic morphology of vertical system cells allows them to selectively collect local motion inputs with particular directional preferences from a spatially organized input repertoire, thus forming filters that match global patterns of optic flow. Furthermore, we suggest that the facet arrangement across the fly's eye shapes the subcellular direction tuning to local motion stimuli. These data illustrate a highly structured circuit organization as an efficient way to hard-wire a complex sensory task.
Keywords Fly · Motion vision · Optic flow · receptive field · Dendritic integration · Calcium imaging provide feedforward input to VS cells, supplying them with local direction-selective input (Maisak et al. 2013; Schnell et al. 2012 ). In addition, three types of lateral inputs have been demonstrated for VS cells. First, all VS cells are connected sequentially via electrical synapses at their axons (Haag and Borst 2004) . Second, proximal VS cells (VS 7-10) form dendro-dendritic gap junctions with dCH (Haag and Borst 2007) , a lobula plate neuron tuned mainly to horizontal motion. Finally, proximal and distal VS cells mutually inhibit each other via intermediate interneurons that synapse onto the VS cells' axons (Haag and Borst 2007) .
How does the subcellular activity of the cells embedded in this intricate network look like, and how do they assemble their optic flow receptive fields? A recent simulation study taking into account a large body of experimental results argued that the columnar feedforward input may encode pure downward motion in a narrow stripe of visual space, whereas horizontal and upward motion components of the receptive fields are imported via lateral inputs (Borst and Weber 2011) . According to this model, proximal VS cells receive horizontal motion input via the dendro-dendritic coupling to dCH, while their frontal upward motion preference is due to the axonal inhibition from a distal VS cell. The rotational structure of the VS cells' receptive fields would thus be produced by network interactions and would not be completed until the level of their axons. Alternatively, rotational receptive fields may already be assembled by the appropriate selection of local motion inputs on the dendritic level.
early calcium imaging studies using full-field illumination and CCD camera imaging provided evidence for a topographical organization on the dendrites of lobula plate cells of the horizontal and vertical system (HS and VS cells). When gratings of ~20° in diameter were presented at two different elevations, a dorsal and a ventral area of an HS cell lit up, respectively (Borst and egelhaaf 1992; egelhaaf and Borst 1995) . Sweeping a bar across the visual field of the fly leads to sequential activation of the dendrite along the dorso-ventral axis of a VS 1 cell (Borst and Single 2000) . Another study examined the direction tuning in subregions of selected VS cells in response to a global motion stimulus, but did not provide information about its sensitivity to local motion responses (Spalthoff et al. 2010 ). Thus, a thorough characterization of VS cell receptive fields that ascribes local direction selectivity with a high spatial resolution across visual space has only been measured electrophysiologically, representing axonal output (Krapp and Hengstenberg 1997; Krapp et al. 1998 ). This analysis is still missing on the dendritic input level.
Here, we examine both the preferred location and the preferred direction of local motion cues for fine branchlets across the entire dendritic arborizations of a set of VS cells. To our knowledge, this is the first study that maps both stimulus space and stimulus feature onto the dendritic tree of individual neurons, thereby providing a comprehensive picture of the cells' input activity that can be related to their axonal output.
Materials and methods

Preparation
Blowflies (C. vicina, 2-7 days old, laboratory stock, of either sex) were briefly anesthetized with CO 2 and fixed with wax to a small custom-made plastic holder. The fly's legs were removed and its wings and abdomen were immobilized with wax. To prevent motion artifacts caused by peristalsis, the proboscis was cut and the esophagus was removed from the head. The head capsule was opened from behind and tracheae, air sacs, and fat capsules were removed.
VS cells in the left hemisphere were filled with calcium indicator through sharp microelectrodes. electrodes were pulled on a Flaming/Brown micropipette puller (P-97; Sutter Instruments) from glass capillaries (gB100F-10; Science Products gmbH). The tip of the electrodes was filled with 5 mM Oregon green Bapta-1 (OgB-1; Molecular Probes; K d = 170 nM determined by the manufacturer in vitro at 22 °C in 100 mM KCl, 10 mM MOPS, pH 7.2) solution. The shaft was filled with a 2 M KAc and 0.5 M KCl solution.
Stimulation setup and 2-photon microscopy Visual stimuli were displayed on a custom-built cylindrical leD display (Joesch et al. 2008 ) that covered ~90° of the vertical and ~180° of the horizontal visual field of the fly, centered with respect to the elevation in front of the fly, and ranging from about −130° to +50° along the azimuth. It allows refresh rates of up to 600 Hz with 16 intensity levels, ranging from 0 to 70 cd/m 2 with a spectral peak at 568 nm. For calcium imaging we used a custom-built two-photon laser scanning microscope (Denk et al. 1990 ) consisting of the following components: a diode-pumped Ti: Sapphire laser (Mai Tai; Spectraphysics), a Pockels cell (350-80; Conoptics), scan mirrors (6215; Cambridge Technology), a scan lens (4401-302; rodenstock), a tube lens (MXA22018; nikon), a dichroic mirror (789 DCSPr 25.5 × 36; AHF Tuebingen), and a 40× water immersion objective (440095; Zeiss, nA = 0.8). The objective can be moved along all three axes by a step-motor driven micromanipulator (MP 285-3Z; Sutter Instruments), while the specimen is held still. A 2-photon excitation wavelength of 890 nm was used. emitted fluorescence light was collected by a photomultiplier tube (PMT, r63570; Hamamatsu). A telescope built from two curved mirrors was used for beam expansion. Two flat mirrors could be switched into the laser path to circumvent beam expansion. This allowed us to use two beam sizes: one overfilling the objective, yielding a high z-resolution for morphology stacks, and another one slightly underfilling the objective, sacrificing z-resolution for depth of view. We took advantage of the latter during functional calcium imaging to simultaneously measure multiple dendritic branchlets located at different depths.
To minimize contamination by stimulus light, we used a combination of shielding and spectral separation. A black PVC foil extended from the fly holder over the leD stimulus display. leaking stimulus light was spectrally separated from OgB fluorescence by two filters. First, the leD display was covered with a UV filter that blocks wavelengths below 550 nm (ASF SFg 10; Microchemicals). This also reduced the maximum stimulus luminance to 33 cd/m 2 . Second, a band-pass filter (525/40, F37-524; AHF Tuebingen) was inserted before the PMT.
The system was controlled with the MATlAB-based software ScanImage (Pologruto et al. 2003 ) (version r3.7). For functional calcium imaging, images were acquired at a resolution of 128 × 128 pixels and a frame rate of 7.81 Hz. For anatomical reconstructions, several z-stacks, covering the entire cell or only its dendritic tree, were acquired with an xy-resolution of 512 × 512 pixels (0.3 μm) and a z-resolution of 2 μm.
Visual stimuli and data analysis z-stacks were reconstructed using the software package Amira (version 5.3.1; Mercury Computer Systems, Berlin). VS cell types were identified based on the position of their ventral dendrite relative to the borders of the lobula plate (Farrow et al. 2005) .
Custom-written scripts in MATlAB (version 7.12.0) were used for programming visual stimuli as well as for analysis of the functional imaging data. Frames were detected as motion artifacts and linearly interpolated if their 2-D correlation with an average picture computed over the surrounding 100 frames was below a preset threshold. The threshold was manually set depending on drift and noise level in each experiment. This method was employed for only a few, brief periods in a given trial. experiments with frequent motion artifacts were completely discarded. Fluorescence was averaged in manually defined regions of interest (rOIs) that typically enclosed fine dendritic branchlets of ~1-5 μm in diameter. Fluorescence traces were corrected for drift by subtraction of a 300-frame moving average window, converted to ΔF/F using a 20-frame interval in the beginning of each trial as baseline, and averaged across trials. Averaged ΔF/F traces were smoothed with a gaussian kernel (standard deviation 2 frames, i.e. 256 ms) and deconvolved according to
The time constant, τ, was estimated in each cell individually. To this end, the impulse response of the system was measured: a round patch of 21° in diameter filled with a square wave grating of 12° spatial wavelength was moved at a temporal frequency of 5 Hz for two scan frames, i.e. 256 ms, and a first-order low-pass filtered step function was fitted to the ΔF/F response of a fine dendritic branch. This was done for only one branchlet per cell after multiple experiments in different VS cells had shown that time constants were always comparable across the dendritic tree. The average τ was 3.3 ± 1.6 s (n = 24 cells, mean ± SD).
receptive fields were measured as follows: small bars (18° long, 4.5° wide, with a luminance of 33 cd/m 2 on a dark background) were moved across the whole leD arena at a constant velocity of 14°/s. We showed horizontal bars which moved upward or downward at ten different azimuthal angles, and vertical bars which moved left or right at five different elevations, spaced by 18°. In this way, the entire leD arena was covered by the stimulus in a 5 × 10 grid (Fig. 1a) . Trials with the four different directions were randomized. each direction was shown twice. The deconvolved ΔF/F responses to horizontally moving bars at the five different elevations were binned and averaged in ten bins along the azimuthal direction. Accordingly, responses to vertical motion at ten different azimuthal angles were binned and averaged in five bins along the elevation direction. As such, a 5 × 10 response matrix was obtained for each motion direction. negative entries were considered noise and rectified to zero, since we never observed consistent fluorescence decreases in responses to visual stimulation. The responses to the four directions in each grid field were then multiplied with the respective unit vectors pointing in the direction of the stimulus and summed to obtain the preferred direction vector for that field. Direction selectivity indices (DSIs) were calculated as where r i is the response to motion in the direction of unit vector e i .
To validate the receptive field mapping, we first presented small patches 21° in diameter filled with a square wave grating of 12° spatial wavelength that was moved leftward at a temporal frequency of 5 Hz for two laser scan frames, i.e. 256 ms, at ten different azimuthal angles at the preferred elevation of a branchlet. responses were evaluated as ΔF/F, and enough time was allowed for the fluorescence signal to decay back to baseline between stimulus presentations. The resulting spatial response profile was compared to the binned and averaged deconvolved responses to a small bar moving leftward along the azimuth, again at the branchlet's preferred elevation. The
, experiment was repeated accordingly with gratings placed along the elevation and bars moving downward (exemplified in Fig. 1d, g ). Second, we presented the same grating patch at the preferred azimuth and elevation position of the branchlet and moved the grating in eight different directions. Again, responses were evaluated as ΔF/F. The preferred direction was calculated by vector summation and compared to the preferred direction at the corresponding azimuth and elevation position that was determined by our receptive field mapping method (Fig. 1k) .
The cylindrical leD display had to be rotated away from a position perpendicular to the fly's azimuthal plane to enable stimulation across the entire dendritic trees of all considered VS cells. Consequently, the regular stimulation grid appeared to some extent irregular and distorted in the perspective of the fly. For an accurate assignment of an azimuth and elevation angle to each field on the grid, a computer model of the leD cylinder was constructed which virtually reproduced the setup. The leD display was modeled as a cylinder sitting in a coordinate system with the fly at its origin. The cylinder was then rotated and translated using a custom-written gUI until the positions of a number of reference points on the cylinder relative to the fly matched those that were measured in the actual setup. The deviation of this rotated stimulation grid from a positioning perpendicular to the fly's azimuthal plane was then read out from the model for each grid field (compare Fig. 2 ). The local preferred direction (PD) vectors were corrected by the gray, dashed lines: spatial response controls using moving gratings restricted to small patches along the elevation or azimuth. h Illustration of the vector summation for the example grid field. Its local preferred direction (black arrow) is calculated from the data points in the gray-shaded rectangles in d and g. i estimation of the system's impulse response. ΔF/F response to a small patch of grating at the branchlet's preferred location moving briefly in its preferred direction (gray trace) and parametric fit (black trace). j responses of dendritic branchlets of all analyzed VS cells to the appearance of a small stationary grating at their preferred location relative to the response to grating motion. The boxplot indicates median, 25th and 75th percentile. An outlier is marked by the plus sign. k local preferred directions of dendritic branchlets at their optimal response location determined by the receptive field mapping method illustrated above compared to the local preferred directions determined with a small grating moving in eight directions. The gray dashed line indicates identity. The difference between local preferred directions measured with the two methods is −1.3 ± 14.9°, mean ± SD, which is not statistically different from zero in a one-sample t test, p = 0.67, n = 26 branchlets in five cells respective deviation angle to accurately reflect those perceived by the fly. From the fly's perspective, some of the axes of the stimulation grid were not exactly orthogonal. The potential error in PD calculation by vector summation was calculated to be within a range of 0° and 14°.
For the analysis presented in Fig. 3 , the grid field with the maximum PD vector length was evaluated as a branchlet's preferred stimulus location. Branchlet coordinates of different VS cells were transferred to a shared lobula plate coordinate system. They were first normalized to the coordinates of the main dendritic bifurcation of the individual cell. Then, they were shifted by the coordinates of the main bifurcation of the respective cell type in a reference set where all VS cells were stained in one animal (depicted in Fig. 3a) . For contour plots (Fig. 3e, f) , we used the MATlAB-based tool gridfit (D'errico 2005, http://www.mathworks.com/ma tlabcentral/fileexchange/8998) to approximate smooth surfaces to the preferred azimuth and elevation, respectively, as a function of a branchlet's position in the lobula plate.
For the analysis presented in Fig. 4c, d , the PD at the grid field with the maximum PD vector length was selected as a branchlet's main preferred direction. To compare the summed dendritic receptive field (rF dend ) and the axonal output receptive field (rF axon , Fig. 5 ), the vector fields of all branchlets were normalized to their respective maximum vector length and then summed over all cells of one particular cell type. This cell type averaged rF dend was then interpolated to the coordinates of rF axon . Both rF dend and rF axon were normalized to their respective maximum vector length.
Immunostaining VS cells (VS 4 and 7 in separate animals) in 3-to 5-dayold flies were filled with Alexa 488 (Molecular Probes) using sharp microelectrodes. Brains were prefixed for 30 min in the intact animal with 4 % PFA (4 % paraformaldehyde in PBS) and then dissected. Dissected brains were fixed for another 30 min in 4 % PFA with 0.1 % Triton, washed in PBT (0.3 % Triton in PBS), and blocked in 10 % goat serum in PBS. The primary antibodies were incubated for 72 h and the secondary antibodies for 48 h, washing in PBT in between. After the secondary incubation, brains were washed first in PBT, then in PBS, and embedded in low melting agarose (Serva electrophoresis gmbH; Heidelberg, germany). Antibodies used were Anti-Alexa Fluor 488 rabbit Igg (Molecular Probes; cell staining), and 4F3 anti-discs large (Developmental Studies Hybridoma Bank; neuropil staining). Sections of 60 or 80 μm thickness were cut from the agarose block with a leica VT 1000S vibratome and mounted in Vectashield (Vector laboratories, Burlingame, CA). Tissue sections were imaged with a leica SP5 confocal microscope using a 40× oil immersion objective. Images were taken at a resolution of 1,024 × 1,024 pixels at 1 μm intervals.
For the VS cell reference set (Fig. 3a) , a fly brain was stained with richardson's stain, cut in 1 μm thick sections, and imaged with bright field microscopy. VS cells were subsequently reconstructed using the software package Amira (version 5.3.1; Mercury Computer Systems, Berlin).
Results
Mapping the receptive fields of small dendritic branchlets
To measure the subcellular input topography of VS cells, we performed 2-photon calcium imaging in response to visual stimulation of fine branchlets across the entire dendritic trees of individual VS cells. Individual neurons were filled with the calcium indicator OgB-1 through intracellular recording electrodes. Previous studies have found two sources for calcium entry in VS cells (Oertner et al. 2001; Single and Borst 2002) . First, insect nicotinic acetylcholine receptors are calcium permeable. In VS cells, they are most abundant on the fine branchlets of higher order dendrites (raghu et al. 2009 ), where the density of postsynaptic sites is highest (Hausen et al. 1980) . Second, VS cells have been shown to contain voltage-gated calcium channels (Single and Borst 2002) . The signals we measure here thus reflect direct excitatory input and local deflections in membrane potential that result from the integration of excitatory and inhibitory inputs. A three-dimensional stack of the cell was assembled at the end of each experiment for anatomical reconstructions. For functional imaging we presented motion stimuli on a cylindrical leD display spanning ~180° of the fly's visual field along the azimuth and ~90° along the elevation. We focused mainly on those cells whose receptive fields were covered by our stimulus device, i.e. VS 2-7. VS 1, for example, has a large receptive field that extends to 180° in the back of the fly (Krapp et al. 1998) , an area which was not stimulated by our device. responses were evaluated based on the relative fluorescence change ΔF/F in a manually drawn region of interest (rOI). rOIs were chosen to include fine dendritic branchlets, typically of 1-5 μm in diameter. To map receptive fields, we modified a stimulus previously used in electrophysiological experiments (nordstrom et al. 2008; Wertz et al. 2009 ). Small, bright bars were moved horizontally across the leD display at five elevations, and vertically at ten azimuthal angles (Fig. 1a) . We binned and averaged responses to horizontal and vertical bar motion in ten and five bins, respectively, to obtain responses for each of the four motion directions at each location on the 5 × 10 grid. local preferred directions could then be calculated by vector summation (also see "Materials and methods").
However, a challenge arises in this calculation because the indicator acts as a low-pass filter on the actual calcium dynamics (Borst and Abarbanel 2007) . When a bar moves through the receptive field of a branchlet in its preferred direction, the fluorescence signal rises sharply, but decays slowly back to baseline (see for example Fig. 1b , yellow trace: response to a downward moving bar). Basing the receptive field calculation on the raw ΔF/F signal (Fig. 1b, e) would thus lead to an overestimation of the motion response at each subsequent location along the bar trajectory. We, therefore, deconvolved the signal to recover the original calcium dynamics. To this end, we estimated the impulse response of the system by presenting a small patch of a grating in the receptive field of a branchlet and applying a brief motion pulse in the branchlet's preferred direction (Fig. 1i) . All ΔF/F traces were then deconvolved accordingly ( Fig. 1c, f ; see "Materials and methods"), and the deconvolved traces were binned and averaged as outlined above (Fig. 1d, g ). local preferred directions were calculated by vector summation of the binned responses to the four directions of motion (exemplified in Fig. 1h for the grid field at the intersection of the vertical and horizontal gray-shaded rectangles in Fig. 1a) .
We performed two controls to validate this receptive field mapping method. First, we tested whether the spatial response profile of the measured branchlet is accurately , red border) . LP lobula plate, lob lobula, numbers from 1 to 4 label lobula plate layers 1 to 4 from anterior to posterior. Scale bar, 25 μm. The schematic in the middle visualizes the orientation of the stained sections relative to the fly brain. LP lobula plate, med medulla. b Same as in a for a bistratified VS 7 neuron. Distributions of local preferred directions c and preferred stimulus azimuthal angles e of branchlets located on the dorsal dendrite (blue) and the ventral dendrite (red), of monostratified VS 2-6. d, f Same as in c, e for bistratified VS 7-9 reflected in the deconvolved ΔF/F response to a bar moving across the leD display. To this end, we compared it to the ΔF/F response to moving square wave gratings within small patches, which were consecutively placed at different positions along the respective bar trajectory. Both methods lead to almost identical spatial profiles (Fig. 1d, g , compare the red and the yellow trace, respectively, with the gray control traces). We repeated this experiment in a total of 17 branchlets in 4 different cells and obtained similar results. Second, we asked whether local preferred directions can be reliably determined from the deconvolved responses to small bars moving in four directions. As a control, we moved a small grating in eight directions at the preferred location of a branchlet and evaluated the responses as ΔF/F, allowing for the signal to decay back to baseline between the different stimulus presentations. Compared to mapping the complete receptive field of a branchlet in this way, the approach we chose is faster by almost an order of magnitude. Using our moving bar stimulus, the strength of the direction selectivity is considerably underestimated, as demonstrated by a significantly lower direction selectivity index (DSI, see "Materials and methods", of 0.43 ± 0.12 vs. 0.80 ± 0.27, mean ± SD, for bar vs. grating stimulus; p value <0.001, Wilcoxon's rank sum test, n = 26 branchlets in five cells). This may be attributed to a flicker response component elicited by a moving bar, independent from the direction of motion. experiments with small grating patches revealed that responses to the appearance of the stationary grating were highly variable between branchlets, but on average amounted to 20 ± 17 % (mean ± SD) of the responses to grating motion in the preferred direction (Fig. 1j) . Importantly, though, the local preferred directions calculated with the two methods are not statistically different (Fig. 1k) . Taken together, we can accurately and efficiently determine both spatial sensitivity and direction selectivity with the described receptive field mapping method.
Small dendritic branchlets have local receptive fields with clear direction selectivity
Having established an efficient method to measure receptive fields with calcium imaging, we were able to determine the receptive fields of fine branchlets across the entire dendritic trees of individual VS cells. An example experiment on a VS 4 cell is shown in Fig. 2 . Throughout the dendritic tree, small branchlets respond locally and with clear direction selectivity. This is true for all analyzed branchlets across VS 2-9. The average DSI is 0.5 ± 0.2 (mean ± SD, n = 270 branchlets in 24 cells) at the stimulus location with the maximal response vector length, which is likely an underestimation due to the contribution of directionindependent flicker responses. Typically, dendritic branchlets respond to bar motion in 1-2 grid fields with at least a half-maximal response, which corresponds to a visual area ranging from 18° × 18° to 18° × 36°. even neighboring branchlets measured simultaneously often have non-overlapping receptive fields (for example, see Fig. 2 , inset), confirming that we can independently measure the responses of single dendritic branchlets.
This local, direction-selective dendritic activity is subcellularly organized according to two general principles. First, preferred stimulus locations are represented systematically across the dendritic tree. Dorsal branchlets respond to stimuli in the upper part of visual space, whereas ventral branchlets respond to stimuli at lower elevations (Fig. 2) . In fact, in all cells studied, the preferred stimulus elevation relative to the center of the cell's receptive field strongly correlates with the respective branchlet's position on the dendritic tree along the dorsoventral axis (Pearson's correlation coefficient 0.88, different from 0, p value <0.001, t test, n = 270 branchlets in 24 cells). Similarly, there is a positive correlation between the preferred stimulus' azimuthal angle and a branchlet's location on the mediolateral axis (Pearson's correlation coefficient 0.62, different from 0, p value <0.001, t test, n = 270 branchlets in 24 cells). Second, local preferred motion directions vary gradually across the dendrite in a pattern resembling the curved optic flow trajectory seen in these cells' output receptive fields. Compare, for example, the dendritic receptive fields of the VS 4 cell in Fig. 2 with this cell's output receptive field (Wertz et al. 2009, compare Fig. 5 ): local preferred directions vary gradually from horizontal in the upper part of visual space to vertical in the lower part, representing a quarter rotation.
Visual space is retinotopically mapped onto the lobula plate given the correlation between the branchlets' preferred stimulus location and their relative position on the dendritic tree of individual VS cells, we asked whether this reflects a retinotopic map in the lobula plate. VS cells 1-10 line up in a row, and it is known from electrophysiological studies that their spatial sensitivity shifts accordingly across the azimuth (Krapp et al. 1998 ). On the other hand, a crude mapping of a motion stimulus presented at different elevations onto the dendrite of an HS cell (Borst and egelhaaf 1992; egelhaaf and Borst 1995) and a VS 1 cell (Borst and Single 2000) indicated a topographic organization along the elevation. In order to tie these findings together and continuously map the stimulus space onto the lobula plate, we shifted each branchlet's relative position by the position of the corresponding cell type in a reference set in which all VS cells were stained and reconstructed (Fig. 3a , see "Materials and methods"). If a retinotopic mapping exists, branchlets that are neighboring in the lobula plate should also respond to neighboring locations in visual space. Indeed, pairwise distances of dendritic branchlets across the VS cell population correlate with the pairwise distances of their respective preferred stimulus locations (Fig. 3b) . The axes of visual space appear to be systematically represented in the lobula plate (Fig. 3c, d ), which allows us to draw isoazimuth and isoelevation contour plots of this area (Fig. 3e, f) , revealing a retinotopic map in which azimuth and elevation are represented along the short and the long axis of the lobula plate, respectively. Taken together, motion stimuli are retinotopically represented across the dendritic trees of individual cells as well as across the cell population.
Bistratified cells exhibit a layered organization of local direction selectivity next, we asked whether there is a subcellular organization of local preferred directions. Activity-dependent deoxyglucose labeling of the lobula plate selectively stains four functional layers: the most anterior layer is stained in response to a grating moving horizontally from front to back, followed by layers most sensitive to back-to-front motion, upward motion and downward motion (Buchner et al. 1984) . VS cells 2-6 have a planar morphology; their dendrites are confined to the most posterior layer of the lobula plate, layer 4 (Fig. 4a) . VS cells 7-9, however, are bistratified; the ventral part of their dendrite resides in layer 4, whereas they extend their dorsal dendrite into the most anterior layer 1 of the lobula plate (Fig. 4b, compare Krapp et al. 1998; Hengstenberg et al. 1983 ). In the planar VS 2-6, the distribution of local preferred directions is only mildly offset between ventral (red bars) and dorsal (blue bars) branchlets (Fig. 4c, p < 0.001, Watson-Williams test) . Similarly, their distributions of preferred stimulus locations on the azimuth largely overlap (Fig. 4e) . Thus, all branchlets of a VS 2-6 neuron respond to local motion in a relatively narrow part of the visual field, with a preferred direction pointing downwards and slightly front-to-back. Dorsal branchlets on average have a tendency to respond to more frontal stimuli with a slightly stronger front-toback motion component. In contrast, ventral and dorsal dendritic branchlets in bistratified VS 7-9 exhibit opposite direction preferences as well as largely deviating distributions of their preferred stimulus location. Ventral branchlets respond to downward moving stimuli at around −90° azimuth, whereas dorsal branchlets respond to upward motion in the frontal visual field (Fig. 4d, f) . Put together, these two components-a lateral downward motion sensitivity and a frontal upward motion sensitivity-produce the pronounced rotatory optic flow pattern observed in the output receptive fields of VS 7-9, whereas the weaker differences in VS 2-6 are characteristic for the less pronounced rotation in these cell types' output receptive fields. local dendritic receptive fields constitute the building blocks of global optic flow filters given that VS cells do not only receive dendritic input, but also electrical and chemical synapses at their axons, we wanted to compare their dendritic activity to their previously published output receptive field measured in the axon (compare Fig. 2 in Wertz et al. 2009 ). As a first approximation, we summed the local receptive fields over all measured branchlets of one particular cell type to obtain an average dendritic vector field for each cell type (black vector fields, Fig. 5) . A simple sum of the dendritic receptive fields yields global optic flow patterns that reproduce the characteristic properties of the respective VS cell types' axonal output receptive fields (green vector fields, Fig. 5 ). Starting from distal towards proximal VS cells, the receptive fields become broader, they shift across the azimuth from frontal to lateral, and their rotational component becomes more pronounced. In a passive cable model of VS cells with a retinotopic organization, peripheral inputs arriving near the tips of their T-shaped dendrites should be attenuated compared to central inputs. However, a summation of local dendritic receptive fields regardless of their anatomical position does not overestimate local motion contributions in the periphery of the visual space compared to the center. Conceivably, active dendritic properties on VS cells (Haag and Borst 1996) could equalize inputs at different distances to the axon as a prerequisite for the assembly of global optic flow filters that cover large parts of visual space. As observed previously with whole field imaging (elyada et al. 2009 ), axonal receptive fields are generally broader than the summed dendritic ones. This results from the electrical coupling of VS cells at their axons (Haag and Borst 2004) which broadens and spatially smooths their output receptive fields (elyada et al. 2009; Farrow et al. 2005) . We quantitatively compared dendritic and axonal receptive fields by calculating a difference index (DI), which measures the average vector length of the difference between the two:
where DI(a, b) is the difference index between receptive fields a, b. With each vector field being normalized to its maximum vector length, the DI can range between 0 for identical vector fields and 2 for corresponding but opposite vector fields. This measure has been introduced to compare electrophysiologically measured receptive fields of the same cell type, but determined by different authors who used different stimuli (Wertz et al. 2009 ). The DIs between dendritic and axonal receptive fields are of similar magnitude as those between the axonal receptive fields measured with different stimuli (DI = 0.21, 0.26, 0.22, 0.35, 0.39, and 0.30 for VS 2-7, respectively; compare Fig. 3 in Wertz et al. 2009) .
Discussion
Here we demonstrate that optic flow processing neurons in the fly exhibit a pronounced topographic organization of dendritic activity with respect to both spatial sensitivity as well as direction selectivity. Visual space is retinotopically mapped onto the dendritic trees of individual cells as well as onto the cell population. In addition, dendritic branchlets residing in different layers of the neuropil are tuned to different directions of motion. A simple sum of the local receptive fields over all dendritic branchlets within one cell type yields global receptive fields that capture the distinguishing properties of the output receptive fields measured at the axon.
Our results on the mapping of visual space onto VS dendrites elaborate on previous studies that have demonstrated a retinotopic organization on a coarser scale (Borst and egelhaaf 1992; Borst and Single 2000) . They also comply
with the columnar layout of the bushy T-cells (T4 and T5) that provide feedforward input to VS cells, and that have been suggested to project onto VS cells in an orderly manner (Strausfeld and lee 1991) . evidence for a subcellular mapping of visual space has also been found in other organisms. In the tectum of Xenopus larvae, a topographic bias of the dendritic response to different elevations of a flicker stimulus has been reported (Bollmann and engert 2009 ). In the lobula giant movement detector neuron in the visual system of the locust, a retinotopic mapping has been rigorously established down to the level of single ommatidia (Peron et al. 2009 ). In addition to their spatial sensitivity, we also examined the organization of local direction tuning across VS cell dendrites. The most prominent feature in the spatial distribution of local preferred motion directions is the layered organization of directionally tuned inputs that we observed in bistratified cells (Fig. 4d) . In line with these findings, it has recently been shown that four subpopulations of T4 and T5 cells are tuned to the four cardinal directions of motion and terminate in the lobula plate in different layers depending on their preferred direction (Maisak et al. 2013 ). However, we also observed a small but significant offset of the distributions of local preferred directions between ventral and dorsal branchlets in the monostratified VS 2-6 (Fig. 4c) . Another observation that seems puzzling at first is the upward motion sensitivity of the dorsal branchlets of proximal VS cells, which are located in lobula plate layer 1. This layer has previously been shown to be selective for front-to-back motion (Buchner et al. 1984; Maisak et al. 2013 ). Both these findings may be explained by the geometry of the fly's eye. The orientation of the ommatidial axes changes across the eye in a characteristic way. In particular, they are tilted by up to 90° in the frontodorsal part of the visual field as compared to the lateral part (Petrowitz et al. 2000) . If different subclasses of local motion detectors compute motion along the main ommatidial axes, their preferred directions should exhibit corresponding variations across visual space. The local preferred directions in the axonally measured receptive fields of some lobula plate cells have been shown to vary across visual space in a pattern consistent with that of the ommatidial lattice (Hausen 1981 (Hausen , 1982 ) (for illustration, see egelhaaf et al. 2002) . This agreement can also be seen in the dendritic activity of VS cells. In VS 4, for example, the local preferred direction in the ventral part of the receptive field is downward, but more oblique in the dorsal part (compare Fig. 2) , such as the vertical row of the ommatidial lattice in the corresponding parts of the eye. We conclude that local motion detectors processing motion along the different ommatidial axes project to four separate layers in the lobula plate, each with a retinotopic organization. Anatomical evidence indicates that the projection of the hexagonal ommatidial lattice onto the orthogonal coordinate system of local motion detectors may be entailed by the processing stage presynaptic to T4 and T5 cells (Takemura et al. 2013) . Dendritic branchlets collecting these inputs correspondingly show layered directional preferences with variations according to the deflection of the ommatidial axes of the compound eye. The resulting spatial heterogeneity of direction tuning within one lobula plate layer escaped previous analyses, which have been performed with global motion stimuli (Buchner et al. 1984; Maisak et al. 2013) . This model can account for both the horizontal component in the receptive fields of monostratified VS cells as well as the frontal upward motion sensitivity of bistratified VS cells. It contrasts a previous model (Borst and Weber 2011 ) that simulated columnar feedforward input to be tuned purely to the four cardinal directions of motion, ignoring the deflection of the ommatidial rows, and ascribed intermediate, oblique preferred directions to network interactions that caused a mixing of vertical and horizontal input.
Importantly, the rotational structure of VS cells' output receptive fields is already present at the dendritic level. This rules out that the axonal inhibitory input from distal onto proximal VS cells is crucial for their sensitivity to frontal upward motion (Borst and Weber 2011) and leaves two potential sources for this input onto their dorsal dendrites within the most anterior lobula plate layer: direct feedforward input from local columnar elements that terminate in this layer, and the lateral input via dendro-dendritic gap junctions with dCH (Haag and Borst 2007) , which ramifies in the same layer. In fact, dCH imports columnar input via dendro-dendritic coupling from another neuron in the lobula plate, HSn (Haag and Borst 2002) , which has the same preference for upward motion in the frontal part of visual space as proximal VS cells (Haag and Borst 2007; Fig. 3d ). Both possibilities-feedforward columnar input and lateral, dendro-dendritic input-comply with our observation that dendritic receptive fields are locally confined and retinotopically organized across the dendritic tree, since such a subcellular organization implies that if electrical contacts are made between fine dendritic branchlets, defined subregions of receptive fields can be exchanged with preserved topography.
In summary, VS cells invade the appropriate areas of a spatially organized input neuropil to selectively pick up those local inputs that constitute the building blocks of their particular global optic flow pattern, either by making direct contacts with local columnar neurons, or by importing local inputs from other lobula plate cells via dendrodendritic gap junctions. This way, an appropriate wiring of optic flow neurons can be achieved independent of sensory experience by simply predefining their dendritic coverage volume. In fact, the dendritic spanning field of VS cells is unaltered in flies with genetically ablated eyes (Scott et al. 2003) , and flies reared in the dark show no abnormalities in the receptive field organization of lobula plate cells (Karmeier et al. 2001) . Similarly, in the mammalian retina, where directional selectivity occurs independent of vision (for review, see elstrott and Feller 2009), an intriguing subcellular topography has been reported for directionally tuned inputs on starburst amacrine cells (euler et al. 2002) . By contrast, in the cortex, where the establishment of direction selectivity critically depends on visual experience (for review, see elstrott and Feller 2009), inputs with different directional tuning are scattered across the dendrite (Jia et al. 2010) . At the expense of plasticity, a spatial circuit organization permits the efficient hard-wired encoding of complex visual patterns, both in terms of dendritic cable length-inputs from neighboring parts of visual space can be picked up en route-as well as regarding the number of instructions that have to be genetically encoded.
